Abstract-Asparaginyl endopeptidase (AEP), also known as legumain, is a cysteine protease that has been ascribed roles in antigen presentation yet its exact role in human biology remains poorly understood. We report here, the use of a positional scanning combinatorial library of peptide AOMKs containing a P1 aspartic acid to probe the P2, P3, and P4 subsite specificity of endogenous legumain. Using inhibitor specificity profiles of cathepsin B and legumain, we designed fluorescent ABPs that are highly selective, cell-permeable reagents for monitoring legumain activity in complex proteomes. Ó 2006 Elsevier Ltd. All rights reserved.
Asparaginyl endopeptidase (AEP), or legumain, was originally identified in leguminous seeds as a cysteine protease with specificity for asparagine residues in the P1 position 1 . The mammalian legumain homolog is a lysosomal cysteine protease that is a member of the clan CD protease family which includes the caspases, separase, and the gingipains 2 . Mammalian legumain has been ascribed a role in the initiation of invariant chain processing during MHC class II-mediated antigen presentation 3, 4 . Although the nature of this activity remains controversial, legumain is undoubtedly a key player in lysosomal proteolysis, contributing to the processing of antigenic peptides as well as the processing of the papain family cathepsins 5 .
Like all endocytic proteases, legumain is synthesized as an inactive zymogen, and its activity is regulated by post-translational activation events. Therefore, tools that can be used to monitor legumain's activity are necessary in order to understand its functional role. Activity-based probes (ABPs) are reagents that can specifically label active proteases, thus allowing their activity, and more importantly the]ir regulation, to be directly monitored 6, 7 . Our laboratory recently reported a synthesis strategy based on the general solid-phase methods developed by Ellman and co-workers 8 for the production of peptidyl acyloxymethyl ketone ABPs for diverse cysteine protease activities 9 .
We have previously demonstrated that the biotinylated ABP b-hex-D-AOMK efficiently labels endogenous legumain in 816 B cell lysates 9 . However, this reagent lacks cell permeability and its overall selectivity toward legumain had not been extensively examined. We therefore set out to develop fluorescent ABPs based on this general scaffold, with the goal of producing cell permeable ABPs with increased potency and selectivity for legumain. We first assessed the ability of peptide AOMKs containing either a single Asp residue (f-hex-D-AOMK) or VAD peptide (f-hex-VAD-AOMK) linked to a short aliphatic spacer and fluorescein tag to function as ABPs for legumain ( Fig. 1a and b) . Both ABPs potently labeled a 38 kDa protein in acidic proteomes from 816 B cells or RAW264.7 monocytes. This activity was confirmed to be legumain by immunoprecipitation using antisera specific for legumain. In addition to the 38 kDa predominant active form of legumain, a faint 40 kDa protein was labeled by both probes and was also immunodepleted by legumainspecific antisera. This protein likely corresponds to the p46 intermediate form of legumain that has been reported to retain enzymatic activity 10 . A 50 kDa polypeptide was labeled in the RAW264.7 extracts, presumably corresponding to the 56 kDa proenzyme of legumain 10 . Previous studies using saturating concentration of ABPs have demonstrated labeling of inactive protease zymogens due to flexibility of pro-peptide binding in the active site 11 .
Since the D-AOMK and VAD-AOMK containing probes were originally designed to target caspases, we reasoned that it should be possible to further optimize the peptide sequence and improve potency toward legumain. To achieve this, we screened a series of positional scanning combinatorial libraries (PSCLs) of peptide AOMKs containing a fixed P1 aspartic acid residue.
For each sub-library either the P2, P3 or P4 position was held constant as a single amino acid, while the remaining positions were coupled with an equal mixture of 19 amino acids (all 20 natural amino acids minus cysteine and methionine to avoid dimerization and oxidation problems and plus norleucine as a structural analog for methionine) as has been reported previously 12 . Scanning of the natural amino acid sequences through each of the P2-P4 positions provided a specificity fingerprint for legumain that could then be used to select optimal residues for the design of legumain-directed probes. Libraries were screened in 816 B cell lysates by preincubation with 200 nanomolar concentrations of each sub-library followed by labeling of residual legumain activity with the general probe f-hex-VAD-AOMK (Fig. 2) .
Interestingly, our inhibitor specificity data contain several differences from substrate specificity profiles previously reported for recombinant human legumain 13 . Most notably, legumain showed the strongest preference for a P2 threonine as a substrate, yet threonine ranks among the weakest P2 residues for inhibition of legumain. Likewise, legumain showed little preference for charged residues such as glutamate, aspartate, and arginine in the P2 position of substrates, but was highly reactive with these residues in the context of an AOMK inhibitor scaffold. In the S3 subsite our results demonstrate a preference for glutamate followed by tyrosine, whereas very little preference for either of these residues in the P3 position was reported for the substrate profiling data.
Based on the library screening data we chose to generate an optimized fluorescent ABP for legumain containing P2 glutamic acid, P3 proline, and P4 valine. These residues were chosen as a compromise between potency and anticipated cell-permeable properties. Our choice was further supported by substrate binding studies that suggested that a P2 glutamate would be unlikely to crossreact with lysosomal cathepsins 14 . P3 proline and P4 valine were chosen because they are hydrophobic compounds that show relatively potent inhibition of legumain.
We initially compared an ABP containing an extended binding sequence, f-hex-VPED-AOMK, to the original P1-only ABP, f-hex-D-AOMK. Indeed, the extended subsite ABP was approximately six times more reactive against endogenous legumain in B cell lysates than the P1-only probe (Fig. 3a) . Although both probes are highly specific for legumain in B cell lysates, recent studies have suggested that B cells contain lower levels of lysosomal protease activity than other antigen-presenting cells 15 . We therefore decided to assess the potency and specificity of our ABPs in the murine monocytic cell line RAW264.7 (Fig. 3b) . The increased potency for legumain afforded by extension of the peptide binding sequence was accompanied by enhanced reactivity with an additional 30 kDa protease. Labeling of this protein could be blocked by pretreatment with the pan-cathepsin inhibitor, JPM-565, as well as the cathepsin B specific inhibitor CA074 (Supplemental Fig. 1) suggesting it was in fact cathepsin B. This was a surprising result since profiling studies performed on the cysteine cathepsins had previously demonstrated that these proteases do not tolerate negatively charged amino acid residues in the P2 position in either substrates or epoxide-based inhibitors 12, 14, 16 .
In addition to selecting optimal peptide recognition sequences, we examined effects of extension of the linker region used to attach the fluorescent tag. The use of a hexanoic acid spacer in the probe scaffold resulted in an approximately 1.8-fold increase in reactivity of the P1-only ABP with endogenous legumain in RAW264.7 lysates, without any detectable influence on cross-reactivity with cathepsin B (data not shown). We therefore decided to incorporate this scaffold modification into all of our ABPs going forward.
We next decided to evaluate the specificity of endogenous cathepsin B in order to identify residues that could be used to decrease reactivity against this off-target protease activity. We chose to focus on the P2 position as this is the primary structural determinant of specificity for cathepsin B 17 . RAW264.7 lysates were pre-treated with the P2-fixed PSCL and residual cathepsin B active sites were detected by labeling with f-hex-VPED-AOMK (Supplemental Fig. 2) . Interestingly, the screening result identified P2 proline as the least effective residue for cathepsin B but one of the most effective residues for legumain. To determine if the P2 residue alone could be used to modulate specificity between legumain and cathepsin B, we synthesized fluorescent ABPs containing the extended linker scaffold and either a P2 glutamic acid (f-(hex) 2 -ED-AOMK) or a P2 proline (f-(hex) 2 -PD-AOMK). Incubation with RAW264.7 lysate demonstrated that both of these ABPs were more efficient labels of endogenous legumain than f-(hex) 2 -D-AOMK. Importantly, only f-(hex) 2 -ED-AOMK showed reactivity with cathepsin B (Fig. 4) .
For the final evaluation of our optimized legumain ABPs we tested if these reagents could be used in live cells. We incubated RAW264.7 cells that had been pretreated for 1 h with 10 lM of JPM-OEt or DMSO control with 10 lM of either f-(hex) 2 -D-AOMK, f-(hex) 2 -ED-AOMK or f-(hex) 2 -PD-AOMK. Cells were lysed and labeled proteins visualized by SDS-PAGE followed by fluorescent scanning (Fig. 5) . Overall, the in situ labeling profiles observed in live cells were remarkably similar to those observed in cell lysates. Most importantly, ABPs containing either P2 Glu or Pro were more potent toward legumain than the P1-only probe and only f-(hex) 2 -ED-AOMK showed cross-reactivity toward cathepsin B.
Thus, we have identified multiple cell-permeable, highly selective ABPs for the CD clan cysteine protease legumain. These tools will prove useful for monitoring legumain activity in living cells and have the potential to be applied to in vivo imaging studies of legumain function as demonstrated for the papain family cathepsins 18 . We believe these reagents will prove to be valuable tools for future studies of legumain function. 
